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The transcription factor Pax6 plays a pivotal role in eye development, as eye morphogenesis is arrested at a primitive optic vesicle stage in
homozygous Pax6 mutant mouse embryos. The arrested optic vesicle development has led to the assumption that cellular differentiation
programs are unable to initiate. Contrary to this, we found that neurogenesis in Pax6 mutant optic vesicles was not arrested, but instead
accelerated as numerous neurons differentiated precociously, more than a day earlier than normal. To identify potential mechanisms for Pax6
repression of neuron differentiation, we examined retinal proliferation and differentiation. Mutant optic vesicles had reduced proliferation,
coupled with precocious activation of the proneural gene, Mash1. Ectopic expression of Mash1 was sufficient to induce precocious neuron
differentiation. Subsequently, precocious neurons adopted a generic rather than a specific retinal neuron fate. Thus, Pax6 regulates the timing
of retinal neurogenesis and couples it with specific neuron differentiation programs.
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The development of the vertebrate retina requires the
differentiation and assembly of a network of several
distinct types of neurons and glia. This process is precisely
regulated to produce differentiated cells at specific times,
and in appropriate types and numbers. For example, the0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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University of Minnesota, St Paul MN, USA.first differentiating retinal cells in all vertebrates are retinal
ganglion cells (RGCs), followed by differentiation of other
cell types in a stereotyped sequence (Rapaport et al., 2004;
Young, 1985). This differentiation pattern suggests that the
timing of terminal division is somehow integrated with the
process of cell-type determination, though the mechanism
for integrating timing and determination is unclear. All
retinal cell types derive from a common retinal progenitor
cell (RPC) population, implying both that lineage restric-
tions are relatively unimportant (Holt et al., 1988; Turner
et al., 1990; Wetts and Fraser, 1988), and that the
differentiation potential of progenitor cells shifts as
development proceeds. For temporal regulation, the switch
from dividing progenitor to terminal division is controlled
by general cell-cycle regulators (Ohnuma and Harris, 2003;
Ohnuma et al., 2002). In addition, at least one bHLH279 (2005) 308–321
G.T. Philips et al. / Developmental Biology 279 (2005) 308–321 309transcription factor, Hes1, is a repressor of CNS neuron
differentiation, in that Hes1 mutant mouse embryos form
neurons earlier than wildtype (Ishibashi et al., 1995;
Tomita et al., 1996a). Genetic mechanisms for cell type
determination are more extensively defined, with combi-
nations of specific proneural bHLH and homeodomain
transcription factors driving differentiation programs for
specific cell types (Cepko, 1999; Kageyama and Naka-
nishi, 1997; Vetter and Brown, 2001). The specific
mechanisms in the retina that regulate the timing of
differentiation, and couple differentiation to determination
programs, however, remain largely undefined.
The Pax6 gene is a key regulator of multiple aspects of
eye development and encodes a transcription factor with
both paired and homeodomain DNA binding motifs
(Walther and Gruss, 1991). Mutations in Drosophila, mouse,
rat, and human Pax6 demonstrate its evolutionarily con-
served requirement for eye development (Glaser et al., 1992;
Hill et al., 1991; Quiring et al., 1994). Furthermore, Pax6
has the potent ability to activate de novo eye development,
since ectopic Pax6 induces ectopic eyes with complete
networks of differentiated retinal cell types (Chow et al.,
1999; Halder et al., 1995).
Genetic analysis of Pax6 function in mice has begun
to define specific mechanisms for Pax6 action in eye
development. Pax6 is expressed very early, in the
evaginating optic vesicle and subsequently the entire
retinal progenitor population preceding differentiation
(Walther and Gruss, 1991). Despite its early expression
in the optic vesicle, Pax6 is not required for optic vesicle
outgrowth or identity, as optic vesicles form in homo-
zygous Pax6 mutants (Hill et al., 1991; Hogan et al.,
1986), and furthermore express several transcription
factors associated with optic-vesicle identity (Otx2,
Lhx2, Rx, Six3, Pax6 itself, and others; Bernier et al.,
2001; Jean et al., 1999; Zhang et al., 2000). However,
subsequent development of the optic vesicle in Pax6
mutants is highly abnormal in several respects, with
failure to form optic cup, neural retina, pigmented
epithelium, or optic stalk, and the associated epithelial
lens placode fails to invaginate to form the lens (Grindley
et al., 1995; Hogan et al., 1986). These developmental
and morphological abnormalities have been interpreted as
an arrest at an early, presumably pre-neurogenic, stage of
optic development. Thus, Pax6 is necessary for eye
morphogenesis, and uncommitted optic vesicle cell
progression to competent retinal progenitor cells.
Pax6 expression is maintained throughout retinal devel-
opment, including early expression in all retinal progenitor
cells, continued expression in the proliferative margin of the
retina, and expression in three types of retinal neuron: RGC,
amacrine, and horizontal (Hitchcock et al., 1996; Puschel et
al., 1992; Walther and Gruss, 1991). To investigate later
functions of Pax6, a recent study performed Cre-lox
mediated deletion of Pax6 in retinal progenitor cells after
optic cup formation (Marquardt et al., 2001). Here, Pax6was removed specifically from peripheral neural retina,
causing reduced rates of proliferation, up-regulation of the
proneural factor NeuroD, and differentiation of amacrine
cells at the expense of other retinal cell types. Therefore, one
function of Pax6 is to maintain the full potency of RPCs to
generate all retinal cell types, with amacrine cells as a Pax6-
independent default fate. Thus, Pax6 has both an early role
in morphogenesis, and a distinct later function in retinal
neurogenesis.
The rudimentary morphology of the arrested optic
vesicle in Pax6 mutants has led to the assumption that
neurogenesis is either arrested or fails to initiate.
However, we discovered that neurons differentiate in
Pax6 mutant optic vesicles, and investigated mechanisms
of differentiation and specification. These results identify
previously undiscovered functions for Pax6 in controlling
both the timing of retinal neurogenesis, and the determi-
nation of specific neuron types.Materials and methods
Mouse embryos
Wildtype mouse embryos were obtained from timed
matings of FVB/N mice. Noon of the day of a vaginal plug
was designated E0.5. Embryos were fixed in 4% parafor-
maldehyde/0.1 M phosphate buffer at 48C: for hIII-tubulin
antibody labeling or in situ hybridization, fixation was for
1–4 weeks, while for Mash1 and cell-type specific anti-
bodies, fixation was for only 1 h at 48C.
In all mutant experiments, the SeyNeu1 null allele of Pax6
was used in an FVB/N background. Mutant embryos were
obtained using crosses between Pax6+/ males and females.
To distinguish between Pax6+/ and +/+ embryos, the
genotype of each embryo was determined using PCR as
described (Grindley et al., 1995).
In some experiments, Math5lacZki/+ mice (insertion of the
lacZ marker gene into the Math5 locus) were crossed with
Pax6+/ mice. Mice carrying one copy of each mutation
were intercrossed, embryos from E8.5–E10.5 collected, and
Math5-LacZ expression detected by X-gal staining. Yolk sac
tissue was used to genotype for the presence of each allele
by PCR.
Immunofluorescence and in situ hybridization
Fixed embryos were infiltrated with sucrose and
gelatin, embedded in 15% sucrose/7.5% gelatin/0.1 M
phosphate, and frozen for cryosectioning on a nasal-
temporal plane. For antibody labeling, the slides were
incubated 1 h in blocking solution (4% milk TST)
consisting of 4% powdered milk dissolved in 10 mM
Tris–HCl, pH 7.4, 150 mM NaCl, 0.1% Tween-20
(Sundin and Eichele, 1990), then incubated overnight
with antibodies diluted in 4% milk TST. After several
Fig. 1. Pax6 mutant eye structures arrest at a primitive optic vesicle stage.
Sections through wildtype and Pax6/ optic vesicles at E10.5, labeled
with the nuclear stain DAPI to reveal tissue organization. (A) Wildtype
embryos have a highly organized optic cup structure, including optic stalk
(os), retinal pigmented epithelium (rpe), cup-shaped neural retina (nr), and
early cellular lens (le). (B) Pax6/ embryos have a primitive optic vesicle
(op ves) evaginating from the forebrain. Undifferentiated characteristics of
the optic vesicle include a wide-open optic stalk that fails to constrict,
failure in optic cup morphogenesis, lack of a thick neural retina, and lack of
a lens. Scale bar: 100 Am.
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biotinylated secondary antibodies (Vector), followed by
Cy2- or Cy3-conjugated streptavidin (Vector). For coun-
terstaining, a 1-min wash in a DAPI solution was
followed by coverslipping and fluorescence microscopy.
Primary antibodies used were rabbit neuronal class
hIII-tubulin (1:3000, Covance), goat anti-Doublecortin
(1:2000, Santa Cruz), goat anti-Brn3b (1:100, Santa
Cruz), mouse anti-Brn3a (1:1000; E. Turner, UCSD;
Fedtsova and Turner, 1995), mouse anti-Syntaxin
(1:1000, Sigma), mouse anti-NF-160 (1:500, Sigma),
mouse anti-Isl1 (1:20, Developmental Studies Hybridoma
Bank, Univ Iowa), rabbit anti-Dlx (1:40; Panganiban et
al., 1995), mouse anti-VC1.1 (1:400, Sigma), and mouse
Mash1 (1:100, BD PharMingen). Secondary antibodies
were Cy2- or Cy3-conjugated goat anti-rabbit IgG and
donkey anti-mouse IgG (1:200, Jackson ImmunoResearch
Lab).
In situ hybridization was carried out using Math5,
Mash1, Ngn2 or NeuroD cDNAs as templates for digox-
ygenin antisense riboprobes, as described in Brown et al.
(1998). Embryos were embedded in gelatin/sucrose/PBS,
cryosectioned at 10 Am and imaged using a Leica compound
microscope, equipped with an Orca camera and Openlab 3
and Adobe Photoshop 6.0 software.
To estimate the number of neurons in optic vesicles, 10
Am sections were labeled with hIII-tubulin antibody.
Positively labeled cell bodies were summed from complete
series of sections through both eyes. Only strongly labeled
cells were included in the total neuron count, constituting a
conservative threshold, and double-counting of bisected
cells was minimized by comparing cell profiles and nuclear
labels from adjacent sections.
Proliferative labeling of retinal progenitors
BrdU (bromodeoxyuridine) injections on E10.5 and
antibody labeling were made to identify retinal progenitors
in S-phase. A BrdU solution (Sigma) was injected into the
peritoneal cavity of pregnant female mice at 0.5 ml of 6 mg/
ml solution per 30 g body weight, i.e., 0.1 mg/g (Mastick
and Andrews, 2001). Because of the short clearance time of
BrdU, the injection was repeated 20 min later to increase
labeling intensity. At 1 h after the first injection, embryos
were collected, fixed, and processed for cryosectioning and
BrdU antibody labeling. Three fields from the distal optic
vesicle/cup were examined for each of three embryos for
each of the genotypes (+/+, +/, /), and the percentage
of BrdU+ cells calculated by dividing by the total number of
DAPI+ nuclei.
Chick embryo electroporation
To mis-express Mash1 in the early optic vesicle, a Mash1
expression plasmid was electroporated into chick embryos,
using standard techniques (Muramatsu et al., 1997; Swartzet al., 2001). A Mash1 expression plasmid (Nakada et al.,
2004) (2 mg/ml in PBS) was mixed with a pCA-GFP
plasmid (1 mg/ml), with Fast Green dye added. For control
electroporations, GFP plasmid alone was used. DNA was
injected into the lumen of one optic vesicle at stage HH 10–
12 (Hamburger and Hamilton, 1992), followed by electro-
poration with 5 pulses for 50 ms of 15 V, using a BTX
Electroporator (San Diego, CA). The embryos were allowed
to develop for 20–24 h (stages 15–17), then collected and
fixed. Embryos with strong GFP expression were selected
for embedding, sectioning, and hIII-tubulin antibody label-
ing. Ectopic Mash1 expression in GFP+ cells was verified
with Mash1 antibody (Pharmingen). About 37% of electro-
porated cells co-expressed GFP and Mash1 (of 111 GFP+
cells examined, 41 were Mash1+). Of 10 embryos with
GFP+ eyes, 8 had strong GFP labeling and all 8 had
precocious hIII-tubulin expression in a subset of the GFP+
cells. About 28% of electroporated cells co-expressed GFP
and hIII-tubulin (of 165 GFP+ cells examined, 46 were
hIII-tubulin+).Results
The Pax6 mutant optic vesicle retains a primitive
morphology
As previously described (Hogan et al., 1986), morpho-
logical development of the optic vesicle is severely
disrupted in Pax6 mutants (Fig. 1). In the E10.5 wildtype
eye, roughly a half-day before differentiating neurons first
appear, eye morphogenesis is largely complete, with the
optic vesicle rearranged into a distinct cup-shaped neural
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optic stalk. In the absence of Pax6, none of these structures
are apparent. A simple morphology is retained, with the
distal optic vesicle consisting of a thin epithelial sheet
containing relatively few cells. Thus, Pax6 is required for
major morphogenetic events in the primitive optic vesicle,
and presumably a blockade of any subsequent cellular
differentiation.
The Pax6 mutant optic vesicle contains differentiating
neurons
A molecular marker for very early stages in neuron
differentiation is the neuron-specific hIII-tubulin protein
(hIII-tub, TuJ1 antibody; Easter et al., 1993). In the retina,
hIII-tub expression can be detected within 4 h after terminal
division of neuronal progenitors (Milton, Wong, and
Mastick, unpublished). In previous studies, we examined
patterns of neurogenesis in the forebrain of wildtype and
Pax6 mutant embryos (Mastick and Andrews, 2001;
Mastick and Easter, 1996; Mastick et al., 1997). During
the course of these studies, we noticed hIII-tub+ cells in
Pax6 mutant optic vesicles. The finding of cells expressing
a neuron differentiation marker was unexpected and
prompted further investigation.
To characterize hIII-tub expression in the Pax6/
optic vesicle, sections of E10.5 optic vesicles were
labeled with hIII-tub antibody (Fig. 2). The hIII-tub+
cells had three distinct cell morphologies, similar to the
initial stages of neuron differentiation observed elsewhere
in the developing CNS (Easter et al., 1993): an elongated
columnar shape typical of newly born neurons, rounded
cells at the outer (i.e., pial, vitreal) surface of the
epithelium, and a population with distinct neurite
projections, likely the initial stages of axon formation
(Fig. 2).
Within the Pax6/ optic vesicle, neurons were
scattered throughout the most distal (lateral) part of
the optic vesicle, the expected location of the neural
retina. A non-neuronal region, presumably RPE and
optic stalk, separated the optic neurons from diencepha-
lon (Fig. 3F). hIII-tub+ cells first appeared in the dorsalFig. 2. The Pax6 mutant optic vesicle contains hIII-tubulin-expressing neurons.
vesicles from E10.5 embryos, labeled with an antibody against neuron-specific c
typical of neurons in the earliest stage of differentiation, with processes spanning
have rounded cell bodies at the outer (pial) surface. (C) Other hIII-tub+ cells shooptic vesicle of Pax6 mutants, a dorsal shift relative to
wildtype, consistent with the ventralization of the
mutant optic vesicle recently reported (Baumer et al.,
2002, 2003).
Neurogenesis within Pax6/ optic vesicles is precocious
To define the time of first appearance of hIII-tub+
neurons, sections through wildtype and Pax6/ optic
vesicles from E9.5–11.5 were labeled with hIII-tub
antibody, and the total number of neurons per embryo
counted (i.e., neurons counted in a complete set of eye
sections in each embryo). The first appearance of hIII-
tub+ cells in wildtype mouse retina had not been
previously reported, so this became our first objective
(Figs. 3A–D). No neurons were observed from E9.5 (27
somites) through E10.5 (34–38 somites) (Fig. 3I). Only at
the 39 or 40 somite stage (E11.0) did one or a few
neurons appear. From this initial differentiation, the
number of neurons exponentially rose, so that by 50
somites, the neuron population exceeded 700 neurons
(data not shown).
The time course of neurogenesis in Pax6/ embryos
differed greatly from wildtype embryos (Figs. 3E–H).
Neurogenesis in Pax6/ optic vesicles occurred preco-
ciously (prematurely early), first appearing at 26–27 somites
(Fig. 3E). During the next half-day, the neuron population
increased, reaching a peak of about 250 cells at 36 somites
(E10.5). A gradual decrease in the neuron population was
apparent over the next day (analysis of older stages is
described below). Thus, in the Pax6/ optic vesicle, there
is a burst of neurogenesis, beginning more than a day earlier
than in wildtype. Together, these findings demonstrate that
Pax6/ retinal progenitor cells are capable of differ-
entiating as neurons, and that Pax6 has a key role in setting
the timing of retinal neurogenesis.
To date, no early cellular defects have been identified
in Pax6+/ optic vesicles. However, Pax6 has a strong
dose-dependent effect, shown by a reduced adult eye size
in heterozygotes (Grindley et al., 1995; Hill et al., 1991;
Hogan et al., 1986). Therefore, we examined neuron
differentiation in heterozygous embryos, whose embry-The panels show high magnification views of sections of Pax6/ optic
lass III h-tubulin. (A) Some hIII-tub+ cells have an elongated morphology
the thickness of the wall of the optic vesicle. (B) Numerous hIII-tub+ cells
w neurite projections along the pial surface (arrowhead). Scale bar: 20 Am.
Fig. 3. Neurogenesis is precocious and extensive in Pax6/ optic vesicles. Sections of optic vesicles were labeled with hIII tubulin antibody from wildtype
(Pax6+/+) and Pax6/ embryos at various developmental stages. (A–D) Timing of neuron differentiation in Pax6+/+ optic vesicles. No neurons were observed
from embryos ranging from 27 somites (E9.5) to 38 somites (E11.0). After the first appearance at somites 39–40 in the central optic cup (C, arrowhead),
numbers rapidly increased at later stages (D, 46 somites, E11.5). (E–H) Timing of neuron differentiation in Pax6/ optic vesicles. Neurons first appeared at
somites 26–27 (E, arrowhead), a day earlier than in wildtype. The number of neurons in the distal optic vesicle (F, demarcated by lines) increased by 36
somites. (I) Time course of optic neuron differentiation in wildtype and mutant embryos. The total number of hIII-tub+ cells was determined by summing the
number of hIII-tub+ cell profiles from a complete set of optic vesicle sections (both eyes) from each embryo examined (wildtype, filled triangles, n = 17
embryos; Pax6/, hollow triangles, n = 21; Pax6+/, gray triangles, n = 10). Neuron differentiation in wildtype optic vesicles began at 39–40 somites, and
rapidly increased in number after E11.5 (approximately 48 somites; data from older stages not shown). Neurogenesis within the Pax6/ optic vesicle was first
observed at 26 somites, then rapidly increased to a peak greater than 200 by the mid-30 somite stages. The number of neurons gradually declined over the next
day, and virtually disappeared by 62 somites (see Fig. 7). In Pax6+/ embryos, neurogenesis did not begin until 46 somites. Scale bar: 100 Am.
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that Pax6+/ embryos would have either wildtype timing
of neuron differentiation, or an intermediate phenotype
such as slightly precocious neuron differentiation. Unex-
pectedly, Pax6+/ embryos had a delay in neuron
differentiation relative to wildtype of about one-half day
(Fig. 3I). Neurons did not appear until 46 somites,
though neuron numbers in Pax6+/ embryos then rapidly
increased to near wildtype by 50 somites.Retinal proliferation is reduced in Pax6 mutants
The precocious neurogenesis in Pax6/ embryos
implies that a wildtype function of Pax6 is to suppress
neuron differentiation until the 39–40 somite stage. Factors
that accelerate proliferation inhibit differentiation, and
likewise the inhibition of proliferation tends to promote
differentiation (Ohnuma and Harris, 2003). Since Pax6 is
known to regulate proliferation in the developing cerebral
G.T. Philips et al. / Developmental Biology 279 (2005) 308–321 313cortex (Estivill-Torrus et al., 2002; Gotz et al., 1998; Warren
et al., 1999), and proliferation in E12.5–18.5 retina
(Marquardt et al., 2001), we examined proliferation in the
early optic vesicle. At E10.5, embryos were pulse-labeled in
utero by bromodeoxyuridine (BrdU) injections, with col-
lection and fixation after 1 h. BrdU is a thymidine analog
that is incorporated by progenitor cells in S-phase. In
wildtype, a BrdU pulse labels a thick layer of nuclei in the
neural retina (Figs. 4A, D). In contrast, in Pax6 mutant optic
vesicles, BrdU+ cells were sparser within the thin neuro-
epithelium (Fig. 4C), though overall nuclei appeared more
tightly packed (Fig. 4F). The percentage of BrdU+ nuclei
was determined for each genotype (Fig. 4G), and was much
lower in Pax6/ embryos than in wildtype (P V 0.01, t
test). This reduction in proliferation was similar to that seen
in E12.5 retina after conditional inactivation of Pax6
(Marquardt et al., 2001), suggesting that Pax6 has both an
early and an ongoing function in regulating progenitor
proliferation. We also examined heterozygotes, finding that
Pax6+/ embryos had an intermediate percentage of BrdU+
nuclei, but also significantly lower than wildtype (P b
0.01). Double-labeling of Pax6 mutant sections with bothFig. 4. Proliferation of retinal progenitors is reduced in Pax6 mutants. Litters of e
vesicle cells in S-phase, embryos were collected and fixed 1 h after the BrdU puls
(panels A–C, yellow) and, on the same section, the nuclear dye DAPI (panels D–F,
nuclei, expressed as a percentage of the total number of nuclei (mean F SEM). H
than wildtype ( P V 0.01, t test), and heterozygotes had intermediate values. ScaBrdU and hIII-tubulin antibodies showed that the hIII-tub+
cells did not incorporate BrdU (data not shown), providing
additional evidence that these cells are differentiating. Thus,
in the absence of Pax6, proliferation of retinal progenitors is
diminished. This reduction in proliferation coincides with
both the failure to undergo optic cup morphogenesis and the
precocious appearance of differentiating neurons.
The proneural gene Mash1 is up-regulated in Pax6 mutants,
and can induce early neuronal differentiation
Neuron differentiation is driven by specific transcription
factors, notably the bHLH factors that are potent inducers of
specific types of retinal neurons (Cepko, 1999; Kageyama
and Nakanishi, 1997; Vetter and Brown, 2001). For
example, Math5 is the earliest bHLH factor expressed in
wildtype, and is necessary for the earliest neurons, the
RGCs (Brown et al., 1998, 2001; Kanekar et al., 1997; Liu
et al., 2001; Wang et al., 2001). One obvious mechanism for
precocious differentiation of neurons in Pax6 mutants
would be the precocious activation of one or more proneural
bHLH factors. Therefore, we examined the mRNA expres-mbryos were labeled by in utero BrdU injection on E10.5. To identify optic
e. Sections from 33–35 somite embryos were labeled with BrdU antibodies
blue). All panels are at the same magnification. (G) Quantification of BrdU+
omozygous mutant embryos had much lower percentages of BrdU+ nuclei
le bar in A: 50 Am.
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and Mash1) in Pax6 mutants up to and during the period of
precocious neurogenesis, E8.5–E10.5. These genes were
chosen based upon their loss- and gain-of-function pheno-
types in the retina, and because their regulation by Pax6 has
been reported at later stages of retinal development
(Marquardt et al., 2001).
Of the four bHLH factors tested, several were not
expressed in early mutant optic vesicles. We did notFig. 5. The proneural bHLH factor Mash1 is up-regulated in Pax6 mutants. (A–D)
embryos, labeled with Mash1 antibody (red in A, B) or by Mash1 in situ hybridiz
were observed, as previously reported (Guillemot 1995). Mash1+ cells were more
Arrowheads point to examples of Mash1+ cells. (E–H) Mash1 labeling of secti
expression was absent in wildtype, but present in mutant optic vesicles. (I, J) Mas
whole mount in situ hybridization. No Mash1 expression was observed in the anter
F, I, J; 50 Am for C, D, G, H.detect Math5, Ngn2, or NeuroD mRNA in wildtype,
Pax6+/ or Pax6/ optic vesicles from E8.5 to E10.5
(data not shown; n = 3 litters for each probe at each
age). The lack of Math5 expression was further verified
by assaying lacZ expression in embryos heterozygous for
a Math5-lacZ knock-in allele (Brown et al., 2001) and
containing varying dosages of the Pax6 mutation (data
not shown). No hgal expression was detected at any age
(n = 2 independent litters per age). Thus, differentiationSections through optic vesicles of E9.5 wildtype (A, C) and Pax6/ (B, D)
ation (purple in C, D). In E9.5 wildtype optic vesicles, a few Mash1+ cells
numerous in Pax6/ optic vesicles, assayed either for mRNA and protein.
ons through E10.5 wildtype (E, G) and Pax6/ (F, H) embryos. Mash1
h1 is up-regulated in the forebrain of E8.5 Pax6/ embryos, as assayed by
ior neural plate of wildtype embryos. (I) Scale bar in A: 100 Am for A, B, E,
Fig. 6. Ectopic Mash1 expression induces neuron differentiation. A
Mash-1 expression vector was co-electroporated with a GFP marker
plasmid into early optic vesicles of chick embryos. Embryos were
collected after 20–24 h of development (prior to any endogenous retinal
neuron differentiation), and sections labeled with hIII-tub antibody. (A)
A cluster of GFP+ cells (green) following electroporation. (B) The same
section labeled with hIII-tub antibody labeling (red). (C) Merge of GFP
and hIII-tub images, showing that the brightest GFP+ cells were hIII-
tub+. Scale bar in C, 50 Am.
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independently of Math5 expression.
Only Mash1 showed altered expression in Pax6
mutants. Normally, Mash1 is expressed briefly in the
wildtype optic vesicle at E9.5, at low levels, and in a few
cells (Figs. 5A, C) (Guillemot and Joyner, 1993). This
early optic expression of Mash1 was transient, disappear-
ing by E10.5, and not reactivated until a much later
secondary phase of expression at E14.5 (Brown et al.,
1998; Jasoni and Reh, 1996). In contrast, Pax6/ optic
vesicles contained more cells that expressed both Mash1
mRNA and protein throughout the period of precocious
neurogenesis (Figs. 5B, D, F, H). Mash1 mRNA
appeared as early as 20 somites in Pax6 mutants (data
not shown). Mash1+ cells did not co-express hIII-tubulin
by double antibody labeling of Pax6 mutant optic
vesicles during the period of precocious neurogenesis,
specifically 32–34 somites; examination of hIII-tubulin+
cells at high magnification showed that none had Mash1
expression (0 Mash1+ of 64 hIII-tub+; data not shown).
This observation is consistent with previous findings that
Mash1 expression is restricted to progenitors, and down-
regulated at or prior to terminal division (Andrews et al.,
2003; Torii et al., 1999; Yun et al., 2002). At E8.5, we
also observed ectopic Mash1 expression in the dorsal
forebrain of Pax6 heterozygous (not shown) and homo-
zygous mutant embryos (Figs. 5I, J), well before any
optic vesicle expression. The requirement of Pax6 to
suppress Mash1 in a dosage-dependent manner suggests
that this genetic relationship might be widespread
throughout the forming CNS and contrasts with the
requirement for Pax6 to activate Mash1 in the later retina
(Marquardt et al., 2001).
To directly test if Mash1 is sufficient to induce
precocious neuron differentiation, Mash1 was mis-
expressed by electroporation into the optic vesicle of
early (stages 10–12) chick embryos, along with a GFP
marker plasmid to identify transfected cells. The embryos
were analyzed after a day of development, i.e., stages
15–17, prior to any endogenous neuron differentiation
(Waid and McLoon, 1995). GFP was visible at varying
levels in patches of cells in the optic cup (Fig. 6A).
These GFP+ patches contained hIII-tubulin+ cells (Fig.
6B; 8 of 8 electroporated embryos). In contrast, hIII-
tubulin expression was not seen in neighboring regions
that were untransfected. As a further control, electro-
poration of GFP alone did not induce any hIII-tubulin
expression (n = 3 embryos; data not shown). Ectopic
Mash1 expression, verified by Mash1 antibody labeling,
was limited to a subset of the GFP+ cells (37%; of 111
GFP+ cells examined, 41 were Mash1+). Within patches
of transfected cells, hIII-tubulin expression was limited to
a subset of the brightest GFP cells (28%, 46 of 165 cells
examined), a percentage slightly lower than for Mash1
expression, perhaps because some cells were either not
responsive to ectopic Mash1, or contained only sub-threshold levels of Mash1. Overall, we conclude that
ectopic Mash1 expression is sufficient to induce preco-
cious neuron differentiation in very early retinal progen-
itor cells, consistent with its up-regulation causing
precocious neuron formation in Pax6 mutants.
Pax6 is required for specification of early retinal neurons
Since the timing of differentiation was advanced in Pax6
mutants, an important issue was what neuron type(s) were
generated. A first prediction was that if neuron differentiation
followed a wildtype sequence, then the precocious neurons
would differentiate as RGCs. Alternatively, the conditional
inactivation of Pax6 at E10.5 leads exclusively to amacrine
differentiation (Marquardt et al., 2001). A third possibility is
suggested by the up-regulation of Mash1, which can induce
bipolar neuron differentiation, at least when ectopically
expressed in wildtype (i.e., Pax6+) retinal progenitors
(Tomita et al., 1996b). Thus, a bipolar neuron identity could
also be predicted, even thoughmost bipolar cells are normally
born postnatally (Rapaport et al., 2004).
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through Pax6 mutant optic vesicles were labeled with a
battery of retinal neuron markers (Fig. 7) and included
colabeling with hIII-tubulin. Mutant embryos were exam-
ined both at E10.5 and E11.5, to allow precocious neurons
to advance through differentiation.
We tested several markers that are specifically
expressed in differentiating RGCs. Doublecortin. All of
the hIII-tub+ cells expressed doublecortin, a cytoplasmic
protein expressed in differentiating RGCs (Rachel et al.,
2002), but also very early in the differentiation of
precocious neurons (Fig. 7A). Cells that expressed only
doublecortin were abundant in the mutant optic vesicle
(Fig. 7A). NF-160. NF-160 is a neurofilament protein
that is expressed in RGCs, and later horizontals (Nixon et
al., 1989). NF-160 expression marked a subset of the
precocious neurons (Fig. 7B).
Next, four transcription factors with early expression in
wildtype were tested for expression in Pax6 mutants. These
factors have the key feature of being activated just before,Fig. 7. Precocious neurons express generic neuronal markers, but lack definitive ma
optic vesicles labeled with hIII-tubulin antibody (green) compared with other neuro
empty arrowheads indicate cells that are hIII-tub+ only. (I) Cell type specificity of a
embryos, data not shown). Symbols for labeling in Pax6/ optic vesicles: b+Q, expr
cells; bQ, no co-expression with hIII-tub. Scale bar in A applies to all panels, 20or within hours of, the terminal division of the first
differentiating neurons (Milton, Wong, and Mastick, in
prep). Dlx. The Dlx family of homeodomain transcription
factors include Dlx1 and 2, normally expressed very early
(E11.0) in a subset of progenitors and later in RGC,
horizontal, amacrine, and bipolar neurons (de Melo et al.,
2003). A pan-DLX antibody was used that recognizes both
Dlx1 and 2. The E10.5 mutant optic vesicle contained Dlx+
hIII-tub+ neurons, but singly positive cells were also seen
for both markers (Fig. 7C), consistent with the wildtype
pattern of a subset of Dlx+ progenitors (hIII-tub) and
postmitotic neurons (hIII-tub+). Islet1. Islet1 is a homeo-
domain protein associated with several specific populations
of early differentiating neurons in the CNS (Ericson et al.,
1995), including postmitotic retinal neurons (RGC, ama-
crine, bipolar) (Galli-Resta et al., 1997). In Pax6 mutants,
Islet1 expression was present, expressed at high levels but
only in a subset of the hIII-tub+ neurons (Fig. 7D). Brn3a,
Brn3b. Brn3a and 3b are homeodomain proteins specifi-
cally expressed in early differentiating RGC neurons, andrkers for RGC or amacrine neurons. (A–H) Sections through E10.5 Pax6/
nal antibody markers (red). Filled arrowheads indicate double labeled cells;
ntibody markers (after Marquardt et al., 2001; and observations of wildtype
ession in precocious neurons; b+/Q, expression in some but not all hIII-tub+
Am.
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1996; Liu et al., 2000; Trieu et al., 2003; Xiang et al.,
1993). Neither Brn3 protein was expressed in Pax6 mutants
(Figs. 7E, F).
Syntaxin, VC1.1. We tested two amacrine markers,
syntaxin and VC1.1 (Alexiades and Cepko, 1997; Arimatsu
et al., 1987; Barnstable et al., 1985). Neither syntaxin nor
VC1.1 were expressed by the precocious neurons (Figs. 7G,
H), suggesting that the precocious neurons did not have an
amacrine identity. This result contrasts with the abundant
and exclusive differentiation of syntaxin+ amacrine cells
reported in retinas conditionally mutant for Pax6 (Mar-
quardt et al., 2001).
PKC. Finally, based on the prediction that precocious
Mash1 expression might activate bipolar differentiation, we
tested the bipolar marker PKC, and found no labeling in the
mutant optic vesicle (data not shown).
In summary, the precocious neurons were positive for
several retinal neuron markers (doublecortin, NF-160, Dlx,
and Islet1). However, the precocious neurons did notFig. 8. Fate of precocious neurons in Pax6 mutants: abnormal morphology
of the Pax6 mutant optic remnant and loss of precocious neurons. Sections
through Pax6 mutant at E13 (60 somite stage) labeled with the nuclear
marker DAPI and hIII-tubulin antibody. (A) Low magnification view of a
DAPI-labeled section, showing the small remnant of the optic vesicle (opt),
buried in mesenchymal tissue of the head, and connected to the third
ventricle (3rdV) by an optic stalk (os). (B) A higher magnification view of
the same section, showing a lack of recognizable optic cup or other eye
structures. (C) hIII-tubulin antibody labeling of the same section. The
precocious neurons have largely disappeared, with only a single neuron
(arrowhead) labeled in the sections of the entire optic remnant. Scale bar in
C: 200 Am for A; 100 Am for B; 50 Am for C.express key RGC, amacrine, or bipolar markers. Taken
together, the analysis highlights that optic vesicle cells have
the ability to become neurons by E9.5 but in the absence of
Pax6 are unable to adopt specific retinal fates, despite the
overall retinal identity of the progenitor population. A
caveat to this conclusion is that some of these cell type
markers may require longer times of differentiation for
activation.
Precocious neurons do not persist
To follow the fate of the precocious neurons, embryos at
an older stage (E13) were sectioned and labeled with hIII-
tubulin antibody (Fig. 8). Remnant optic structures could be
identified as lateral protrusions from the rostral forebrain
(Fig. 8A). The optic remnants had a highly abnormal
morphology, with no recognizable eye structures (Fig. 8B).
Strikingly, hIII-tubulin labeling was very sparse, with only
one neuron observed in the E13 Pax6/ embryos examined
(Fig. 8C). Thus, the large population of precocious neurons
born between E9.5–E10.5 does not survive past E13,
consistent with the gradual decline from E10.5 to E11.5
(Fig. 3I).Discussion
The transcription factor Pax6 is central to current
models of eye development. Pax6 expression is sufficient
to induce ectopic eyes, albeit in a tissue- and stage-
specific manner (Chow et al., 1999; Halder et al., 1995).
Pax6 mutant mice have identified multiple roles for
Pax6, including optic cup, RPE, and lens morphogenesis
(Grindley et al., 1995; Hogan et al., 1986), dorsal–ventral
patterning in the optic cup and stalk (Baumer et al.,
2002, 2003), and retinal cell type specification (Mar-
quardt et al., 2001). Here we have significantly extended
Pax6 function, showing that Pax6 regulates the timing of
neuron differentiation and has an additional early role in
neuron specification. Together, these results have important
implications for understanding and integrating the multi-
faceted functions of Pax6 in eye development.
Pax6 controls the timing of neurogenesis in the retina
Our main finding is that Pax6 genetically suppresses
retinal neurogenesis, since numerous neurons differentiate
early in the optic vesicle of Pax6 mutant mouse embryos.
The primary line of evidence is the expression of neuron-
specific hIII-tubulin, as well as several other neuronal
proteins. These hIII-tub+ cells have morphologies typical
of early retinal neurons (Fig. 2), and are post-mitotic.
Thus, in the absence of Pax6, the optic vesicle generates
competent neuronal progenitors. Moreover, neuron differ-
entiation initiates a day earlier in Pax6 mutant optic
vesicles than in wildtype (Fig. 3). Evidently, Pax6 has a
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initial progenitors. The implication is that the absence of
Pax6 releases promoter(s) of neuron differentiation, or
inhibitors of proliferation. Pax6 has prominent expression
in the optic vesicle and so likely acts cell-autonomously
in retinal progenitor cells to inhibit neuron differentiation.
Alternatively, Pax6 is also expressed in the lens, so a
non-autonomous effect of Pax6-dependent signals from
the lens might also effect differentiation of retinal
progenitor cells.
How does Pax6 repress neurogenesis in the retina? First,
the expression of the proneural bHLH transcription factor,
Mash1, is up-regulated in Pax6 mutant optic vesicles and
dorsal forebrain (Fig. 5), and ectopic Mash1 is sufficient to
drive precocious neuron differentiation (Fig. 6). The
prolonged early Mash1 expression in Pax6 mutant optic
vesicles could result either from abnormal retention or extra
activation of Mash1. It is unknown whether Pax6 regulation
of Mash1 is direct or indirect, but it should be noted that
Mash1 expression can be both up- and down-regulated in
Pax6 mutants, depending on the brain region (Yun et al.,
2001). Interestingly, Pax6 regulates another proneural
bHLH gene, Ngn2, by directly activating it (Scardigli et
al., 2003). In the early optic vesicle, we found that Pax6
affected Mash1 but not Ngn2, and involved repression
rather than activation. The complexity of the genetic
interactions raises the possibility that Pax6 controls both
positive and negative rates of neurogenesis via the
expression of bHLH genes.
A second, perhaps related, mechanism for Pax6
control of the timing of retinal neurogenesis is implicated
by a decrease in proliferation in Pax6 mutants. A lower
proliferation rate could sensitize mutant RPCs to pro-
differentiation factors, either extrinsic or intrinsic (such as
Mash1), resulting in precocious neuron differentiation
instead of proliferation. As a direct analogy, cell cycle
inhibitory proteins can potentiate the differentiation of
retinal neurons (Ohnuma et al., 2002). Proliferation rates
are also altered in the thalamus of Pax6 mutants (Warren
and Price, 1997). Similarly, in the early cortex, Pax6
mutant progenitors progress more quickly to activate
expression of neuronal markers (Estivill-Torrus et al.,
2002). Thus, regulation of proliferation, along with
setting the timing of neurogenesis, appears to be a
general function of Pax6 in the CNS.
Unexpectedly, Pax6 heterozygous embryos have a
delay in neurogenesis relative to wildtype (Fig. 3I). This
delay was less dramatic than the accelerated differ-
entiation schedule in homozygous mutants. This type of
heterozygotic genetic effect is unique, to our knowledge,
but may identify a complex regulatory mechanism
potentially present in other developmental pathways.
Future experiments to determine the cellular and genetic
basis for the heterozygous delay in neurogenesis may
provide insight into the human Pax6 heterozygous
condition of Aniridia.An early role for Pax6 in specification of retinal neuron fate
The precocious neurogenesis in Pax6 mutants offers a
test of the role of timing in determining the differentiation
potential of retinal progenitors. Several general and retinal
neuron type-specific markers were expressed in precocious
neurons, supporting the identification of these hIII-tub+
cells as neurons (Fig. 7). However, these cells lacked any of
several markers for more specific neuronal cell types. The
precocious neurons did express a subset of RGC markers,
including doublecortin, NF160, Dlx, and Islet1, and this
combination is seen only in RGC cells in the mature retina.
However, none of these are definitive for RGC differ-
entiation, and the key determinant Brn3b was not expressed,
correlating with the lack of its transcriptional activator
Math5.
These results demonstrate that, in the absence of Pax6,
retinal progenitor cells are competent to differentiate,
actually significantly earlier than in wildtype, yet fail to
activate definitive retinal cell differentiation programs, at
least for the cell types tested. It is possible that the partial set
of RGC markers signifies aborted RGC specification. This
would imply that, in the absence of the Math5/Brn3b
determination factors, an alternative pathway can lead to
neuron differentiation, but results in incomplete or errant
cell type determination. Interestingly, each of the individual
markers expressed by the Pax6/ precocious neurons is
normally expressed by a variety of non-retinal neurons.
Potentially, these Pax6 mutant progenitors are exhibiting a
shift in regional identity to forebrain or elsewhere. However,
the retention of retinal identity in Pax6 mutant optic vesicles
is well documented (Bernier et al., 2001; Jean et al., 1999;
Zhang et al., 2000). The implication is that Pax6 acts to
couple general neuron-inducing signals to specific retinal
neuron differentiation programs.
Pax6 functions shift as retinal development proceeds
Retinal progenitor cells express Pax6, both early in optic
vesicle formation and later in proliferative regions of the
neural retina. This continuity of Pax6 expression, however,
conceals a dramatic shift in Pax6 function at different stages
of development. This shift in Pax6 function is clear when
our results are compared with those of Marquardt et al.
(2001). In their study, a conditional inactivation strategy
used a Cre-lox allele to remove Pax6 function from RPCs in
peripheral retina beginning about E10.5. Such embryos
therefore retain Pax6 expression throughout the optic
vesicle during early development, and lose Pax6 only in
the peripheral retina. This conditional inactivation causes
exclusive differentiation of amacrine neurons, at the expense
of all other retinal cell types. The basis for this appears to be
the activation of the proneural factor NeuroD that channels
cell differentiation to an amacrine or rod fate (Morrow et al.,
1999). In contrast, our study of completely mutant optic
vesicles identified differentiating neurons but a clear lack of
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ral factor Mash1 instead of NeuroD. One possible explan-
ation for the failure of amacrine markers is the requirement
for co-expression of NeuroD with either Pax6 or Six3, to
promote amacrine cell genesis (Inoue et al., 2002). Our
work argues towards a Pax6-dependent step in amacrine cell
determination by pointing out that in the Pax6floxD RPCs,
Six3 expression promotes amacrine fates in combination
with NeuroD.
The most likely path to reconciling our results with those
of Marquardt et al. (2001) lies in considering the possibility
that Pax6 function changes as development proceeds. The
main differences in experimental strategy are differences in
developmental timing (null Pax6 allele vs. conditional
deletion around E10.5) and location in retina (an entirely
Pax6/ optic vesicle vs. Pax6floxD peripheral progenitors
surrounding a Pax6+ central retina). The difference in
location may be important, though both the central and
distal retina progenitor populations normally express Pax6.
Related to this is the proportion of optic cup cells that are
mutant. For instance, in the Pax6floxD experiment, the
number of cells in the distal optic cup that lacked Pax6
function was small enough that partial non-autonomous
rescue might occur. In partial support of this idea,
Pax6floxD/floxD patches appear to proliferate (though slow-
er) and differentiate, but only adopt an amacrine fate. This
suggests that the loss of Pax6 can be partially overcome.
Another potential difference between this study and that
of Marquardt et al. were the different Pax6 alleles used. In
this study, we used the Sey1Neu allele, a spontaneous point
mutation causing a splicing defect and predicted premature
truncation in the carboxy terminal third of the protein (Hill
et al., 1991). Several lines of evidence indicate that this
allele is null, including heterozygous eye phenotypes
identical to whole scale deletions of Pax6 (Hill et al.,
1991), phenotypes identical to seven other truncating point
mutations (Favor et al., 2001), and null activity in cell
transfection assays (Glaser et al., 1994). Nonetheless, it
remains possible that, in Sey1Neu mutants, some partial
genetic activity may remain to influence RPC differentia-
tion. In contrast, the Cre-lox approach of Marquardt et al.
resulted in a prolonged and full dose of Pax6 in RPCs, only
gradually lost following a sequence of a-Cre expression,
subsequent Cre activity, lox-mediated deletion, and eventual
decay of Pax6 mRNA and protein. Additionally, the central
retina and lens retained Pax6 expression, while the
efficiency of excision in peripheral retina is not 100%,
raising the potential for signals from Pax6-expressing
tissues to influence neuron differentiation in Pax6floxD
mutant cells. Further experiments will be required to
reconcile how these alleles result in phenotype differences,
though both approaches lead to the conclusion that Pax6
mutant RPCs are competent for neuron differentiation.
During normal retinal development, progenitors produce
a sequence of cell types, suggesting shifting regulatory
contexts, that is, the varying presence of factors that changethe potential of progenitor cells. In this light, the role of
Pax6 may allow (or drive) progenitor progress through
competence states. The neuronal subtype adopted in the
absence of Pax6 would therefore depend on a progenitor’s
competence state at the time of Pax6 removal. For example,
at the time when Pax6 function was removed in the
Pax6floxD experiments, progenitors became shunted to
amacrine fates but if Pax6 were selectively removed later,
the bdefaultQ might be a later cell type, such as a rod or
bipolar neuron. The identity of key factors is currently
unknown, but the set of retinal identity genes (Rx, Otx2,
Six3, Six6, Lhx2) are good candidates, as they are expressed
in the early optic vesicle, appear to be Pax6-independent,
and may have activity that modulates or drives neuron
specification. Therefore, comparison of gene expression
patterns in early and late optic vesicles may allow the
identification of key developmentally regulated factors that
interact with Pax6 to regulate neuron differentiation and
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